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FRICTIONOFSam FILMSm STEMATHIa SLIDm VEu)mmS

ByRobertL.Johnson,DouglasGodfrey,andMmondE.Blsmn

Aneqerimentalinvestigationwasmnduotedt9identifythe
roles@ i301id-mmt%OefilmsInthetious mechanismsofsliMmg
endlubricationinvolvedinthematingandrmupatibilityof
boundary-lubricatedslidersud?aoes,Intheaotlonaf~-
pressurelubricants,andintheoperationofslidersurfaoesnot
suppliedwithfma lubtioants.

Theexperimentswereperfomedwithanap~atusi.noorporating
meansformeasuringsliding“friotiunthatconsistedbasimllyofen
elastimllyrestrainedspherloalriderslidingina spiralpathm
a rotatingdisk.Thediskspeoimensweretreatedtoproduoesolid-
surfaoefilmsofvariousinorgmiocangmnds.Theexpalmmtswere
oonauotedovera rangeatslidlngvelocitiesbetween50and
8000feetperminutewithloadsfran169to1!543grams(108,000to
225,000lb/sqIn.,init@lHertzsurfaoestress).Supplemental
studiesoffriotionspeoimensweremadeusingstandard*ioal,
chmiml,andmetallurgicaleqplpnentandtechniquesInoludtng
eleotron&Wraotion.

lfo~btimaismfideMoS2wasveryeffeotiveinreduoing
friotionathighslidingvelooitles.Thfsfilmmaterialwasvery
tenaoious,waschemioaMyandthmmllystable,andconsequently
shouldhavemanypraoticalapplications.

Itwasdeteminedthatthefomation& ferroso-ferrlo
oxidea -Fe3.04onmu-inslidingsurfaoeswasbeneficialwith
respeottofrlotionandwear.Preoperatlonaltreatment@ sllder
surfaoeetoforma -Fe304w beamomplishedbyanumberti
InexpensiveandmmmonPromlet=y ocmwrcial pwoesses. IT’errlo
oxidea -Fe2~, however,wasnotbenefiolalwithrespeotta
friotionandwearovertheentirerangeofslldingvelocities.

Ferrous ohlorideWC12 wasmoreeffectiveinreduoing
kinetiofriotionthanferroussulfide3’S. Thisresultwould
seemtoindloatethatohlorineoompomdsme moreaffeotiveas
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ertrme-pressurelubriomrbadditivesthanweresulfurmnpomds.
Abruptohangesinfrlotion,withinoresaedslidingvelooitles,
indioatedoritioalmaterial~omations offerrous-ohlcmide
films.Thisrenditionfavoredthetheory@ theaotionafextreme-
pressurelubriosnts,wh.iohstatethatthefilmmaterial,fcumedby
reaotionofthelubricantadditivewitha smfaoe,meltsunder
ertramlyhighixmperatmesorPssuresardInt= easethe
friotionforoetillInvolveonlyshearing& a liquidftlm.

ml!Romm?JmT

Conaidembleevldenoeismailableinliterature(references1
to8)whiohindicatesthatsolidsurfacefUms areimpm’tentinthe
matingaudmqatibllityofWundary-ltirioatedslldersurfaoes,In
theaotionof“ertreme-pressure”lubricants,andintheoperation
ofslidersurfaoestkt arenotsuppliedwithfluidlubrlmmts.
Oneoftheleastunderstoodandmostim~ant faotorsintheopera-
tionofsMM surfaoesIsthemeuhanimnoftheinitialmutual
amamnoaation(mm-in).TheedtteotivenessaP,andtheneoessity
for,oarafulinitialoperationofslidershavebeenadequately
demonstmtedIninmnm%bleMazmes. Littleexplanation& the
meohaniamsinvolvedhaabeenoffered,however, orimpruv-t in
thensuggested.Certainphysiooohanloalsurhoeconditionshave
beenassoolatedwtthseMsfaotWyandwithunsatisfactoryoperation
ofmetalllcslfdingsurfaoes(referenoe1). Amongthosefaotors

IproductiveofsatisfsotorysurfaoerenditionsIsthefomationand
presenceofspeotfiosolidsnrfaoefilms.Anexperimentaldeter-
minationoftheaffect& thesefilmsonkineticfriotionwouldbe
ufvaluein~~-~ & mating& slldersurfaoes.

Themcwt mmon andpaotiml utilizationofsolidfilmson
slider@s@es isadlmd.iedinextreme-pressurelubriotiion,wherein
ohunioalfilmsuflowshearstrengthorofluwmeltingpointm
fomedbytheaotionoflulmlmntadditivesontheSlidersurfaoes
underconditionsofertraetemperatureendpressure.Reference2
~s6nts a themyforthemechmismofextreme-pressurelubrication.
SllMng-frlotionexperimentswithsurfaoerenditionsoloselymn-
trolledtosimulatethosetheoreticallypresentunderoperating
conditionsofextmme-pmssurelubrtoation~ aidintheolarifioa-
tionofthemeohembsofsuohlubrication.

OperationofalroraPt-turbinebe- attemperatureshl@mr
thanthosemrrentlyusedq beofadvantage,butavaildblelubri-
cantsaredefloientwithrespeottoh@-tanperalmreoperation.
Bemusesolidsurfaoefilmsthat=e uhmimllyandthemkllystable
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q beselected,theyw beeffeotlwM ~vidingsupplemental
lubricationtou~ate forthedeficienciesoffluidInbriosnts
athightanperatures.

HU@S andWhittinghem(referenoe3),Campbell(referenoe4),
BowdenendTabor(referenoe5),Roensoh(raP~e 6),andmany
othershavepresentedmatefialrelativetotheuseofauri?aoefilms
inreduoingSlidlngfriotlon.TheIqOrWloeafsuohfilmsin
boun@?yandinertreme-~essurelubrloationIswidelyr600@Zed
andiedisoussed In references 7 and8. Therolesafthesesolid
swfaoefilmsinkinetiofrictionhavenotbeenisolatedandstud-
iedunderconditionsofsurfaoeloadlngaudatslidingvelocities
PrOVd~th c-d andpX’OpOSedaeSlgUSforslldingsurfaoesIn
airorattpowerplants.

An investi@ion was mnduotedattheWA Clevelandlaboratory
toobtdnevidenoeontheeffeotsofsolidsurfaoefilmsonslidtng
friotionatM@ slidlngvelocitiesandtoolarifytherolesofsuoh
filmsInthematingofslidlngsuzfaoes,Inextreme-pressureltibrl-
oation,andinsupplementordrylubx%xtion.

Theooefftoientofkinetiofriottonandthewearoh-aoteris-
tiosofsteelspeoimenssotreatedastohavesolidohemioalfilms
thd *e predominantlyofthematerialsdesiredweredeterminedby
arperiments.Thisinvestigationwasmadewithloadsfrom169to
1543_ (108,000to225,000lb/sqin.,initialIM’tzsurfaoe
stress)atslidingvelocitiesuptoa~adnately8000feetpermin-
ute.ThesefilmswereoftheseineoanposltionasthosegmeraUy
employedforuseassupplementalltibzzbxntsinpraottoalapplica-
tions& slidersorfilmsafhighchemioalandthezmalstabillty
anddesirablestructural.~perbles.Theinvestigationinoluded
Physiooohemiualstudiesafspeoimensbaforeandafterslideropera-
tionasameensofdetemlningthemechaniamleadlngtotheobserved
#feotsandal?assurtngpsltiveoontrol& surfaoeconditions.
E&lctionmessurmentsweremadebymeausofanapqtus thatoon-
sistsbasioally& anelasticallyrestralnds@erioalridersliddng
ona rotatingdiek.Thisrese~ isa oontinnatlonafthat
reportedinreferenoe9.

ApparatusAnD?!EKmmm

Theexperimentalfridion andweu studies were oonduotedwith
theequl~entdesofibedinref~enoe9. Mgure1 isa dlagmmatlc
slmtohaPthebaslopartsoftheequipaent.Theprinoipalelements
aftheapparatmsarethespeoimens,whiohareinthefonnofan
elasticallyrestrdnedsphericalrfderanda rotatingdisk.The
riderisloadedbywet&tsappliedalongthemrtloalaxisafthe
riderholder.Friotionforoebetweentheriderandthediskis
measuredbyfourstraingagesmountedona copper-beryllium@na-
mcnmterring.Theforoeisindloateabyeithera reoording-oran
obse~tion-typeoal.ibratedpotentiometeroonvertedtouseasa
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fridionIndiuatm.Theooefflcient& friotionismmputedby
dividingthemeasuredfriotionforoebytheappliednomalload.
Aneleotrlmllydrivenradial-feedmeohanism,calibratedtoindl-
oateradialpositionoftherider,causestheridertotraversea
spiraltraokontherotatingdisk.ThediskIsmountedonan
InertiaringthatIssupportedandlooatedbya besringhousing.
Therotating speoimenisdrivenby a direot -mrrentmotorthrough
a fl-ble oouplinganda speed-reduotionunitthatallowsspeed
oontzmlmer a rangeofsM.Q velouitlesbetween50~d 14,000feet
perminute.Thediskaudriderareooveredbyahousingendshield,
whlohpetitstheoperatingatmosphereofMea alrtobeslightly
prestized.Thesysixmfordryingtheairfortheo~rating
atmosphereconsists,insequenoe,ofa 48-inchfiltertubec!mtain-
ingsurgicalootton,a seriesofslxsilica-geloammercial.drying
elements,andan8-inohtubeoontdningaluminumanbydride.The
airisobtdnedfromtheWxmatorycqessed-airsystem.Inoon-
duotingtheexperimsnts~thediskisrotatedata predetermined

t,theloaded riderisl~reasped end, bymeansofa cm arr~
onto thediskastheradialfeedisstarted.Astheridertravemes
thedisk,friottonforoeisobsemedorrecordedwitha potentiom-
eteranddiskrotativespeedisdetemnlnedwithanelectricrevolu-
tionootmterexda synchronizedtimer.Therunisterminatedby
lift~ theriderfromthedisksuzfaoe.Meanslidingvelooityfor
theexperimentwascomputedfzmmtherecordedzmtativediskspeed
@ tiemeandiameterattheriderpath.A -e fi~~et~ of
theriderpathonthediskresultingfrantheradialtravelofthe
rtderoausedamaximumdeviationinslidingvelooityufapproxi-
mately1 peroentfranthemeenvalue.Anunwornsurfaoeofa ball
wasusedineaohqriment. Separaterunsweremadetodetemine
friction,we=, ma #feOtofcontinuoussliding.

Asreportedinraferenoe9,umontrolledwiablesjsuohas
wearoftherider,naturalfrequencyoftherestrainingassembly,
=d vibrationsinduoedbythedrivingmechmismjhadnoappreciable
effeotonaoouraoy& thedata.Theresultsobtainedarebelieved
torepresentre~duoible,relativedata.

Thephysical~d physiomh~oalconditionsofthe’surfaoeand
subsurfacematerialoftheresearohspeoimenswerestudiedbefore
the81ia*-ffiOti~experhmtsbymeansofsurfaoe-roughnessand
surfaoe-hardnessmeasurementsandeleotron-diffractionandmetal,-
lographiostudies.Thesurfaoeswerestudiedaftertheexperiments
byusingeleotmm~raotionandmetallographicteohniques.W-
ingtheexperiments,nomeasureibleohengeh surfaoehardness
oocurred.Becauseofthenatureofthesurfaoedisturbanceby
sliahg, roughness~ts wereinsi@fioant.



Thelimits cd?experimntal errorinthe frlutlon valuespre-
sented werenot oonstantinalltheeqerimentsbeoeaaseofuncon-
trollableinoonsistenoiesInthefilmoharaoterlstios.Inallbut
isolatedcases,themarginM errorintheooaffioientaffriotion
waswithin+0.02ofthevaluesgivenandingeneralwasmnsider-
ablyless.Thedatapzmsentedareoanpletedatafzmma re~esenta-
tiveerperlmentforeaohtype& film,seleotedonthebasisofa
mass& data(atleastfourexperiments)oneaohv-able. For
comparisonpurposes,a loadof269gramsisusedforallthesum-
= owvesreportedbeoausethisloadp?xx!uoesanInitialsurfaoe
stress(126,000lb/sqin.,Hertz)thatIsintherq ofmaximum
limltingvaluesusedIndesi~ofmmpcaentssuohasreduotion
gearing.

SmxKim FmmRATIm

Carefulpreparationofspeolmenshasbeenfoundtobethemost
Importantsimglerequisiteforsuooessoftiecqexzlments.The
disks~oimenshada 13-inohoutsidediamter,wereofnormalized
U 1020steelwithaBrinellhardnessnumberof185,andwere
fintshdandolemedaooordingtothedetdl~ proo- givenin
referenoe9. Thedisktiaoes weresofinishedastomimlmlze

mdireotionalsurfaneflnlshsurfaoeworkingandtogivea Unifozmn
witha roughnessof3 to6mlorolnoheszznsasmeasuredwitha
profil~ter.Theriderspeoimensusedwereoaumeroiallymade
balls,~ Inohindimuder,ofW 1095steelhardenedtoRookwell
nmiberC-60;theywerenotsub~eoted*Oldmratoryfiniah@ opera-
tionsbeforeusebutwereoleanedandrinsedin190-proal?ethyl
alooholbaforetheruns.

Inthisinvestigation,solfdsurfaoefilmsM farrlo
oxide17~~, ferroso-fefiomlde 3’~04,ferrous&lo-
ride3’eC~,ferroussnlfideES, molybdenumUsuJfideMos2,
andgraphitiooarbon C weredepositedonthediskSpOOiDlenS
amording totheprouedmsdesoribedintheappendix.(where-
ever3’0304Ismentionedherdn,theyxsibi.litythatitoould
alsobe y -Fq03 shouldbeconsidered,beoausethetwoare
indistingubhablebyusualUffraotionmethods.Otherwiseall
ompoundsareofthe@ha fcnm.)Thesurfaoefilmswem pre-
dominantly& theimpositionsInMoated,asdeteminedbyanal-
yses& theeleotron+llffraotionpattm showninfigure2.
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F’ilms Formed&n’iIwRun-~-

Themeohanismoftheinitialmutualaooanmodationofmating
slidersurfaoesISonlyslightly~tood bntisofoonsldmible
importance.Itisgenerallyaooepkdt.hdwithextendedp-oda of
luw-poweroperation&n?ingtheinitialoperaticmofanenginethe
slidersurfaoesgivebettmperfomameaudmnohmoresatisfactory
sezzbelifethanifswh preoantionswerenottaken.Rleotron-
diffraotlonandX-* Mffraotionstudies(raferenoe1)haveasso-
olatedtheooourrenoeofs~oifiosurfaoeoondltionswithdesirable
orwithundesirablerunningP~ies ofs~e~ oPer~@3~~
reoiprooatingmtionunderohsnghg= steadyloads.Oneofthe
prtnoipalvarldblesobservedonrun-insurfaoeawasthePesenoe -.
ofisolated* mixed-*s afiron.Byomqx=ingWe pr~cM-
nantoxidepresentwiththeappea?anoeoftherunsurfaoe,Itwas
thoughtthatthspresenoeofferrousoxide F’eO andferroso-
ferriuoxide Fe304 wasbenerfioialtoslidersurfaoesandthat
the~senoe offerriooxide 3’e203wasnotbeneifioial.on
muffedsurl?aoes,Fe2~ wasobservedandonwellrun-insurfaoes

Resultsindicatingthat3?* Isaffeotiveinreduohgfrio-
ttonbetweensltdingsurfaoesarepresentedInreferenoe9. Dff-
fioultiesinproduoinga solidfilmofferrousoxideonthelarge
diskspeoimenspreventeda oanpleteevaluationofitsaffeotiveness
inreduolngfriutionintheinvestigaMonreported.

~ ~t~ ~~tsOb-ea fi *te==- fie=eot
ofvelwityonfriotionfor F~04 and Fe2~ - shownin
figure3. Thegemeraltrendoffriotionistodeoreasewithveloo-
ityforallloads.TheOoaioient& friutionisdependenton
loadinthepresenoeofthisappliedfilmaP Fe304d similar
trendsoffriotimwithinoreasedslidingvelocitiescsnbeestab-
lishedforeaohoftheloadsinvestigated(fig.3(b)).Whena
solidfilmof Fe203ispsent onthedisksurfaoe,theooaPfl-
olentoffriotionisessentiallyindependentafload,asshownin
figure3(o).Thegeneralfrlotiontrendshowsa deoreasewithan
inoreaseinvelooity.IMetemnindphy8ioalorohanioaloharaoter-
titicsafthefilmmaterialmaybetheoauseofthefriotion-load
relations. R&ersnoe9 showsthecoefficientuffriotionofdry
cleansteeltobeIndependent@ load.
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Asoomparedtothedry-steelfrictionmrvefromref-noe9,
3’e304isvery<feotiveinredwingfriotion(fig.3(a)).onthe
otherhand,‘e203IsnotbeneficialwhenO-@ tothedry
steelfrictionourveatthelowrangesandtheM@ mmgesatveloo-
itybutdoesshowlowerfrlotfcmvaluesinthevelooityrangefroa
approximately1000*O3600feetperminute.Thedifferermesinthe
oo#fioient& friotionea’e,however,near~withintheI.lmitsof
experimentalerror(+0.02)atthisleveloffriuticmvalues.Ih
allcases,asfIgure3(d)shows,thefriotionofa swf’aoecoated
withF~04 isappreciablylessthanthatofa surfaoeooatedvlth

‘e203“

Canparisonoftheweardataandatthewear-areaphotomioro-
graphspresentedinfigure4withthedataal?referenoe9,which
reportedthewearspotfamedduringoperationofdrysteelon
steeltobe0.038inchIndiamhm?,showsthatthe~esenoeal?
Oxia~ has nogreateffeotonwe~. ThepresenoeM l?yO~ On
diskspeolmenscasedapproximatelya 10-peroentreductionInthe
diameteroftheriderwearareas,endthepresenceof Fe2~
oauseda 5-peroentinorease.Itshonldbenotedthattherelative
effectsufthetwooxtdesonwe= showthesametrendasthat
observedintheawe ofthefriotionmeasurementts (thatis,the
Fe304fIlmwasbeneficialandtie Fe2~ filmwasnotbenafioial).
Comparisonofthephotmiorographsofthewearareas(fig.4)
indicatesthatthedegree@?surfaoedisturbanceq be@ita-
tivelyassociatedwiththecrystalsizeofthefilmmaterial.The
materialwiththesmallercrystals(F~04)musedlesswe= and
lesssweresurfaoeUsturbance(thatIs,fig.4(a)Indioatesmzoh
lessweldingandtearingattheMiterthandoesfig.4(o)).The
-de matingformedonstiaoestluringlubrloatedslidlngrduoes
wearafsliders(referenoe10);onthebasteofthevorkreported
inreferenoe1 andherein,itisbellevedthatthe~de reported
inreference10wasferroso-ferriooxide.

Thetrend atdemeasedfriotionwithInoreasedslidingveloc-
itiesobservedinmost& thedatareportedhereinismnsidered
duetothepbysic~dangesInthesurfaoesthatwaredimxlssedIn
referenoe9. Thepresenoeoffilmsonthesurfaoewouldprobably
notelimlnatephysicalohangesoansedbyohangesinstig veloo-
ity.Theresultsshowninfigures3 and4 generallyverifythe
qualitativeestimatesofraferenoe1 ontheInfluenoeaf’Fe304
and Fe203onfrlotion~d wear.
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An e@anationofthelowfriutionvaluesobtainedwiththe
F~04 filmq lieinit8tenaoitytothebasemetal..Anexamina-
tionoftheeleotron-diffraoticmpatternsfranthetwootidefilms
showedthat,asp?oduoedinthiswork,the Fe304filmwasum-
posedofsmallercrystallitethenwasthe F~~ film.The
patternsalsoshowedtti the Fq~ filmwasmorelikelytobe
CWS9a of ~idka ~~stu. Thf3the Fe304filmisoanposea
& finerandmre uniformcrystalstti the Fe203film.This

# proprtyofthe Fe304filmsuggestshigherload-oarryingcapaoity,
whiohw betraoeatothefilmtenaoity.Small.crystalsgrowing
ona steelmrfaoeadaptthemselvestotheirregularities& the
steelmorereadilythanlargerones@ thereforemakethefilmas
a wholennretenaoious.The F~04 filmMscouragesTlowingma
ripping~a thushelpstopreventmetal-to+netaloontaotandto
keepthefriotionvalueslow.

ItshouldbeobsemmdalsothatF~04 c= oxidizeto F’e2C&
whenthepassingriderraisesthelocaltemperatureand~eesureto
extremes. Thiswssibilityofa chemicalchsngeisfurthersuppmt
thatFe@4 isabett=filmforslidingthenis Fe2~,lRaf3MU0h
astheoridationof F~04 wouldproduoenodrastiofilmdefonna-
tia, butwhenFe2~ issub$eot~toexbremes(oftemperalnxre
particularly)itthick- andrupturesassoale.

Itisknown(referenoe U) that an @de filmafironocmming
naturallyisoompseaofthree“1.ayem”:FeOnexttobasemetal,
Fe304inthemi(blle,~d Fe2~ onthesurfaoe.Thelayersare
indistinct,andbecauseoftheblending,itseemsthatthesimple
oubicstruotured FeO W morecompdiblewiththespinelcubic
struotureof Fe304thanwithhexqondstruotureof F’e2~.
Thesefaotsindicatethat,inthiswork,theprep- F@4 film

.

adherestoS@ issupporteabyen F@ layer;whereasthe~pared
Fe2~ filmprob~lyadherestoa thinF~04 layer,whichinturn
adheres to =a is supportea by FeO. b theeasecd?the Fez% film,
thisoxideexistscloseto FeO, separatedonlybyathinFe304
layer.Whencriticalslidingconditions- produoeaonthe
Fez% film,itthereforemnnotsupporttheriderbecauseitis
notstructurallymmpatiblewithitsbaseof E’eO,andtherider
plowsorripsthroughtothebaremetalwitha resultantincrease
infriotion.

.
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TheprmenoeofanextremelythlafilmaP Fe304oncleaned
speotmensisdisoussedinreferenoe9. Itis~s~a thatSUOha
filmwaspresentontheriderbeforealltheexperimentsreported
herein.Whenthefaotwafcompatlbilttyisconsidered,itis
probdblethattwo F~04 fthusrubbingtogetherwouldhaveless
resistsnoetoslidingthanwouldresultfrunafilmof Fe304
slidingonafilmaf Fe203.Thefriotionresultsp’esentedin
figure3(d)supportthisviewbeoausetheocmibinationsofsmfaoe
filmsdisoussedwerepwsent.

Itisalsowssiblethatthe#feetaf l?e203onfriotion
maybeduesolelytoitsphysioalchwaote-ties,althoughlittle
isknownofitsbehaviorunder~ssure. Itisa hard,ooarse-
gai.nedmaterialthat,whenintroducedbetweenslidingsmfaoes,
w bembeddedinoneatthemrfaoesandfmmtionaaamioro-
scopiosurfaoeaspemitytherebyincreasingthesurfaoerou@ness.
Itwillbereoslledthata roughnessfaotorisimludedinprao-
tioallyallexpressionsofl?undmmtalfrictionrelationsandthat
inmeasedsurfaoeroughnessoausesinore=edfriotion(raferenoe12).

ItwouldbediffioulttoEZQ1OYsolidcoatingsof FeO on
steelinpraotioalqpplioations,beoausethefmuationofthecom-
poundinvolvestdperaturesdbcmetheannealingpointsafmany
steels,andbecausecd?theUfficultyinprocessingl=gepexts.
BowdenandI/idler(ml?erenoe13)showedthathotspotsooourti
surfaoeasperitiesofcontactingslldem,whiuhwithincreased
loadsultimatelyreaohthen@Mng pointofoneofthematerials.
TheUxmJSzedtemperatmesreaohedaresuchthat,withtheproper
surroundingatmosphereandqmnohingconditims,quantitiesal?
stable3’eOmaybeformedontheoontaotingsurfaoes;thiscon-
ditionisdescribedinrd?eremoe9.

Eaohoftheoxidesshouldbeevaluatedwl.threspecttoits
prsotioeluseonsli* surfaoes.Beoausel?e203ISveryeasily
formedonsteelsurtaoesandbeoausethismaterialisdeleterious
withregardtofriotionendwear,conditiomthatmightcause
fornubionat’Fe203sh-d bewoidedintheffiis~, ~~,
andoperation& sliders.Becauseofthehightemperaturesrequired
forthefozmationof ReO, itsuseasafriotion-andwear-
inhlbitlngcoatingonslidersisimpractical.Forthesereasons,
E’e304istheonlyironoxidestudiedthatIsbeneficialendhas
prutioalapplication.

A nmiberofommeroialsut%aoetreatmentsemployinguaustlc
bathsendseveralotherstms ofuhanloalsolutioninthe
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fomathn & oorrosion-resistantandwear-resistantsmfaoefilms
havebeenstudied.Rhenfilmsfonaedbyseveralocmmero$altreat-
mentsbearingvariouspropriet~desi~ionsweresubj~tedto
elmtron-dlffraotionstudies,itwasrevealedthattheirprinoipal
~~itiat was Fe304~asshownInfigures2(u)md 2(d).b the
apprmte speedrengebetween1200and5000feetperminute,two
Oftheuaumeroialtreatments(references14and15)oausereduoed
friotion,endthetrendisrou@lycomparabletothatobttinedwith
thefilmofisolatedFe304 (fig.5). Comparativeweardatafor
thesetreatmentsare~esetiedinftgure6. WearMf3?erences
obsemedbetweenthe~~ Sndoanially depositai
F’e304q beexp~ onthebasisatadditimalcxmpoundsIn
thefilmsfomedbythea-tmmerola treekments●

M omprlsonwithdrysteel,theMboratory-p?eparedFe304
filmsoausefriotiontobedeoreasedatallslidingspeedsinves-
tigatedendalsooau8ea reduotiainriderwear.Ccmmeroidly
pre~d fiw containingF4~04w3m dso btiici~ Withreg~
tofrtotionandveerexoeptathigh-slidingvelocities.Duringthe
opmationofsteelslidersurfaoesthathaveattainedsatlMaotory
mutualaooaamodation,F~04 isfamed(referewe1). Thesefaots
showthatF~04 isbeneficialonslidersurfaoesendindioate
thatpretreatmentofslidersmq eliminatemanystiaoefdlures
duringtheInitialoperationofsliders.A numberoftiexpensive
proprietarysurfaoetreatmentsareoomeroiallyavdlable,which
willformfilmsthatarepedmhantly F~04.

FilmsFmmedbyExtrqne+ressureLubricants

PI’imaWOperational. requimmmtsforlu~cantsused.inair-
craftpowerpkds havenecessitatedtheuseoflubriosntadditives
toobtaintheneoessaryinoree8edloadoapaoityforlow-pour-point
lubricants. Mostoftheertreme-pwssureadditivesusedtoinorease
loadoapaoitiesoflubrioentscontainaotivechlorlneorsulfur
oompmmds.Referenoe2 presentsa oh-oal basisforconsideration
ofthemeohenismsofactionoftheseadditives.

QuantitativeinformationtMt enablesevaluativeoffilmsof
thet3p formedbyoanpoundedlubricants(refereme2)ispresented
tnfi~es 7(a)and7(b)inamannerthatpartlyo~ies the
medmism ofaotionoftheadditives.Figure7(a)showstheeffect
ofloadontheood’fioientoffriotlcmfora diskspeolmencoated
withferrousohlorid.eFeC12.Thelaokofcontinuityofthese

————. .. --—



ourvesandthenonocmplianoewithAmonton’slawIndioateprimcry
physicalohangesinthefilmmaterial.FerroussulfideF* forms
amorestablefIlmthanferrousohloride.MOtrendinloadeffcots
onthecoefficientoffriotlonwasobservedwithafilmofferrous
sulfideonthediskspolmen(fig.7(b)).Itisshowninfig-
ure7(o)that,ingeneral,isolatedsolidtiaoe filmsaflow-
shear-stren@hmnpoudsoft~s fomedbyohemioallyreaottve
extreme-~ssurelubrto=tadditivesreduoeslldingfrictionover
therange@ slldingvelooltiesinvestigated.Thesedatademon-
stratethatferrousohlorideismuchmoredfectiveasa so~d-
filmlubrloantthanisferroussulfide. Theferrous-sulfidefilm
causedfrictiontobe@eateratslidingvelocitiesshove4600feet
perminutethanthatobservedfordry,untreatedsteel(datafrcm
referenoe9).

Nodependableweardatawereobtainedwiththeferrous-
chloridefilms.Thewe= areasontheriderswerepoorlyaef-a
andtheirsizeswereinconsistent.Beoausethedeliquescentnature
offerrousohlortdepranotesthefomatlonofI@roohlorioaoid,
theriderwascorzmdedaPterrmovalfrm thefriotlonapparatus;
thisetohingofthesurPaoeoblitemdmdthegeanetrlodefinition
ofthewearareas.Figure8 showsthesurfaoeappe~e ofthe
wearspotonthertderusedintheferrous-sulfiderun.Thesur-
faoeofthisspeoimenappearssimilartothatobservedafter
experimentswithFe304films;thereisnoindicationofseveme
sux?aoeweldingaIthoughtheferxmussulfidedoesnotseemtobe
beneficialinrespeottowear.

TwotheoriesoftheaotionM ferrousohlorideasanextraae-
pressumlubrioantfilm=e p’esentedinreferenoe2,page116;
thesetheoriesare: “(1)underexistingconditionsattheocataot
p0tit6, sOua ferrcwohl.oride* readilyshe=;(2)~tures
attheoontaotpointsq beoomehighenoughtomelttheferrous
ohloride.... OverocmingfrictionforoewillthenInvolveshesrlng-.
onlya l@uiafih Off~ ohloride...”

Itispossibletointerpretthedatad’figure7(a)asverifica-
tionforthetheoriesaFaxtreme-pressurelubrloation.Theourve
forferrousohloride(fig.7(a))showsthatatthelowsliding
velocities(upto2000ft/bin)thereIsa oritioal-atIon in
friotionwithslightlyinoreasedslidingvelocities,andthatat
Ma slidlngwlmities(5000to6000ft@n witha loadof
269gram),thereIsa sluu’pdeoreaseinfriotionInMoatedbya
dlsoontlnultyinthedata.Theseabruptohangesinfrlotionvalues
indioatethatoritioaltransformationsinslldlngconditions*e
plaoe.Themostlogloaltransformationswouldbethoseofphase

..— — —-—————-——-— -——-——.—. . .. —-— ——--—. ——. .. . . . ..
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-s@melttxlgaemf errous-chlmidefilm.‘l?hevariationtn
frioticninthesliding-wlocityrangefrom1600to2000feetper
minuteat a loadof269gramisattributedtosomephasechangein
thefemonschloridethatatfectsitsshearstrengthandiscaused
byhighertemperaturesresultlngfromincreasedslidingvelocity.
Thesharpreductioninfrictioninthesllding-velmxttymngefrau
5000to6000feetperminutewiththe269-gramloadandthesimilar
reductiontilowervelocitieswtthheavi=loadsq Indioatethe
~esenced a fhiafilmresultlng~ meltingal?the80Ma
matefial..

Theseresultsindicatetlwtbaththeoriesfortheactionof
filmsfomnedby~reme-pressureadditiveaW besubstantiated
under uertain
Orofextreme
lubricants,a

Oonaitlon-ofSliaing.W3.eri%econditionsof shock
loadingthatnecessitatetheuseofertreme-wessure
Mqui&fom ofthefilmmaterialisprobablyobtained.

supplementalcmDry-LubricationFilms

AttheexhremelyId@ anibienttemperaturesandhighloads
encountemiinanincreasingnumberaf~tioal lubrioaticm~b-
lems,ourrentlyusedh@rocerbonlubricantsarenotcompletely
effeotive.UseofEMppl-~ ordI’YlubrloationbySoli&-film
materialsisonemethcd& @provingMbficaticnundertheseoon-
ait$ons● Severalchmloallyendthermallystablematerialsare
availablethatmightbeeffectiveinreducingfriotionaudwear
under~reme conditions.Twoofthebest_les ofsuchfilm
matialsaremolybaenmn~i&t3 ~ endgraphftiocarbonC.
ThesematerlalaaresimllsrInthatbothhavelsmharstructures.
Molybdenumdisulfidehasbeenusedasa dielubrioantInthe
forgingofmetalparts(rOference16)andasa besxlnglubrtoant
fora rotatingenodeX-raytube(~a?~oe 17).Graphiteisa
~ 0~ USedhlbricsxlt@ hS beenUIlQ10y9dtinlZmerOUS
applioations.

Ma showingtheeffectivenessofmolybdenumdisulfiaeand
-* (~~tio -bon) = so~d-fi~ l~~oan~ atM*
slldingvelocitiesarepesantedinfIgure9. Use& molyb@nutn
dlstilfideproducesa trendtowardprogressivelylouwrvaluesof
friotionasslidingvelocityisincreasedandundertheoondttions
reportdxwauoesfrictionmorethantheusecd?gra@lte.lMg-

~ures9(a and9(b)showthat,withsolldf- ofeithermolybdenum
aisulfiaeorgraphiteondisk specimens, AuDnton~ e law a09t3not
holdovertheentirermge ofloadsinvesttgatd.TheooaPfiolent
offriotionincreasessli@tlywithloadinthepreeumeofa sOUa

.
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filmofmolybdenumdisulfide(fig.9(a)).Forthelowestloads,
friotioninoreasedslightlywithloadInthepreeenoeofa solid
filmofgmphite(fig.9(b)).Thetendenoyforfriotionto
inoreasewithhigherslidingvelocitiesatvelooitlesabove
a~tely 2000feet~r minuteindlostesthe~lal failureof
thegraphitefilm.Atthehighestloadthata oompleteourveoan
beplotted(1017gmms),withvelocitiesabove3000feetperminute,
thefriotlontrend(downward)correspondstothatofthebasemetal
(referenoe9),whtohindioatesanalmostoanpletefailure&the
lubricatingfilm.Forpurposesofo~on, friotiondatafor
dry-andboundm’y-lubricatedsmfaoestakenfzmmraPm’enoe9 are
alsopresent*infigme9(o)● Athighslidingveloolties,molyb-
denumdiaulfid.eisnearlyaseffeotl~inredwingfriotionasone
d?thebestpok-t~ boundaryltibrimnts,oleioaoid.

The oondltionofthesurfaoesafterslidingisshowninfig-
ure10. Theweaaa photomiomgraphshowninfigure10(d)indi-
oatestlmt,ettheconditionsd thewe= expa%mxrts,thegrqhite
filmwasfalling.l!hisoonditionIsIllustratedbythedegreeaud
typeafsmfaoedlsturbanoeinthewe= area.Itisbellmd that
a weldingendtearing-outaotion,suohasw beobsarvedb’etween
unlubrloatedsteelsurfaoes(r<=enoe9,fig.9),ocmurredbetween
thesurfaoesoftheriderd thedisk.3’igure11showstheoondl-
tional?thesteeldiskOOv~a withmolybdenumtisulfideafterthe
fricttond wearaqerlments● Theentiredisk,WhiOhshowsthe
areaswheretestmns weremadetodeterminebothw andfridcbm
Is~sentedinf@re n(a). Thewearrunwasmadeatthelnuer-
mostolrounferentialtraoeandthefriotionrunsweremadebetween
thisweartraoeendtheoutermostciroumfaxmtialtraoe.E’ig-
ureI.l(b)andn(o)aredose-upsofthediskatSuooessively
hi@erma@fiuationstoshowthesuntaoemndlticmsmoreoleemly.
InfigureXl.(b),themntinuonsrunidloatesthattherider,at
itshl@ initialsun?aoestress,hasnotpenetratedthefilmto
thesteelthroughouttheentirelengthofthetraok.TheoanMna-
tia oflowvalueoffriotlon- minorsurfaoedamagetothe
riderduringthisrunindioatesthatthispenetrationhashadno
seriouseffeot.Thesamemxrbinuoustmaoeandthefriotlontraoes
areshownathighermegnifioabioninfiguren(o). Itwillbe
obsez’vedthatinnoneofth ftiotlontramsdidthefih fdl so
astoallowtheridertopenetratetothesteelbasemetal,whioh
isimpcmtantinviewuftheiniti~ hl~ Hertzsuzfaoestresses
(108,000to225,000lb/sqin.)towhiohthefilmwassub~eoted.

Bemuse the ~aphltefilmfailedtotheexkentofallowing
weldlngaE’thesurfaoestotakeplaoeandthemolybdenum-dtsulfide
filmad notfailtothis@ent, thewearmeasuramnts& fi-e 10

. . . . . . — ————-—— - —.
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indloationaftherelativelubricatingquali-
materialsinreduoingw= attheloadsused

Intheseeqeriments.Erperdmentsatlesii sevaeconditions would
beneoessqforauohanevaluationandthatworkisnotwamanted
bemuseitisestablishedhezwinthatmolybdenumdisulfideismore
satisfactorythengraphiteasasolld-filmlubrioadathighslid-
ingmlooities● Ithasalsobeenshowninreterenoe18thatmolyb-
denumdisulfideismoresatisfactorythangraphiteasa solid-fiJm
ltibrioezrt* highpressuresandlowvelootties.

Thefailureufgraphiteasa solid-filmIubrioantathigh
slidingvelocitiesoanbeplausiblyexplainedbymnsi- the
meoheaismofitsltirioa~ aotionaspresentedbyVanRruntand
Savageinreferenoe19whoreportedthatthelubricating actionof
grs@@e -s0s fromtheaotionafmoist- adsorbedonthegraph.
ttepartioles.IfanadsorbedfilmM waterisnotxesont,the
graphitiooarbonsotsasabrasive-idles. Theheatdeveloped
duringslidingatthehl@ veloottiesis~obablysufficientto
cause~ial desorpttonaftheadsorbedwaterfilmonthegraph-
ite,thusdestroyingitsI.ubrioatingqualit%s.

Molybdenumdieulfideisstableathightaperatures(melting
point,l18@C)andpressures(refmenoe18).13aohlamina@ this
ocqpoundisomnposedofa sheetofmolybdenumatomswitha sheetof
sulfur* oneaahside.Oneoftheselaminaeadheresstrongly
totheironsurfaoebeoauseofa strongmetal-sulfurbond.The
otherlamfnaeslipeasilybeoauseoftheweaknessofthesulPur-
Sulfurbond.

Thetenaoityofmolybdemmdimdfideasa filmmaterialwas
demonstratedbythecontinuousrunoftheriderwithoutradial
tra~e onthefilmusinga 269-granloadwitha sltdingvelooity
of4000feetperminuteeve@a perldof30mintrtes.Stablebut
slightlyincreasingfrictionvalueswereolmrved.Theslight
filmfedlurethatoomrredwasnotseriousenou@to&llowwelding
totakeplaoeb@weentheslidingsurfaoes.Inanotherexperiment,
a riderwitha oontaotingareasuohastogiveanapparentloadtng
of3000poundspersgureinohwasallowedtoslideona mntinu-
oustraokata velooityof4000feetperminutefora periodof
over2 hours;therewaslittleohangeinfriotionandnosignof
fdlure& eitherthesteelm m.olybdenum-disulfidesuxfaoes.The
riderdldnotpauetrdethemlybdenum~ idefilmtothesteel
baseatemylooationduringthisexper&mt.Thepossibleuseof
molybdenmadisulfideasanadditionagentinfluidlubricants
shouldbequestiondinaooordamewtththelineoframmingthat
haspreventedtheoompleteaooe~oe aPvartousforesM graphite

.

.
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forsuchanapplication.MolybdenumdlsulfideisInsolubleInoaa-
monfhid lubricants;consequently,itisprob~lethattheoan-
pound~ua tipmitinUndesimible
lubricationsystecn.

SuMURYm

Anexp@menta.1i.nwlstigat~on

aooumulations throu@outa

ImuIlrs

was mndnotedwitha kinetio-
friotionapparatusconsistingbasicallyofanelasticallyrestrained
sphericalridersliding= m Mibrioatedwithsevemltypes&
drysolidfilm.Theexperimentsw~e oonduotedovera zmngeof

tely8000feetpermlnntewithloadsvelocitiesfran50toa~
from169to1543grams(108,000to225,000lb/sqin.,initial
Hertz@aoe stress)andwithsupplementalstudiesusingstendard
@ysioal.,ohemioal,endmetallurgicalequipnentandteohniqpes.
Thefollowingmxwltswereobserved:

1.A sO~afilmd moly~ disulfideMoS2 wasveryaffeo-
tiveinreduoingffiotionathighslidingvelooitles.Thefilm
materialwsseasilyapplied,wasverytenwxbus,wasohemioally
andthemallystable,andconsequentlymuldhaveq praotloal
applloations.Themolybdenumdtsulfidehasa lminarStmcture
similartographiteandbeoauseofitstenaciousnesswasmore
satisfactorythan@aphlteasa solld-filmlubrioantathi~ slld-
ingvelocities.

2.Thefozmntionofferroso-ferrimoxide3’e304onsliding

surfaoesisdesimblewithrespeottofriotionandwear.P#ireat-
mnt ofslidersurfaoestofomnFe304w beaco~~~d bya
numberofineqensiveandcamnonuommenialtreatments.3’enio
oxidea -Fe203,ontheotherhand,wasnotgenem~ Imnafioial,
withrespeottofriotionandwear,overtheentinmmge ofd.idhfj
velocities.

3.solidfilmsafferrousohltideReC12weremoreed’feotive
inredwingfriotionthanwereferrous=ide FeS films.This
resultsubstantiatedthe-k ofotherInvestigatozwwhlohindi-
OatesthatchlorineOcu.n- aremoreeffeotima8ertrane-
presmrelubrioentadditivesthemsulfurcanpotmds.

4.Abr@ ohangeinthefriotiontrendofferrous~orfde
filmswithinoreasedslidingvelmitiesindicatedoritioalmaterial
transfomnations.Thisoondltionfavorsthetheoryfcmthemeohanism

___ . . . .. . .—. . ... . ..—. —~-.————--=—— -
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afaotionofextreme-~ssure lubrioentsomtain@ ohlorinecom-
Founds,whiohindloatesthattanperaturesattheoontaotpointsmq
beomehighenoughtomelttheferrousohloridesothatoveroomtng
f’riotionfcn?oewillinvolvetheshearingM mly a liqzldfilm.

FlightPropulsionReseerohLabcmatory,
NationalAdvisoq(lxmnitieeforAeronautics,

Cleveland,Ohio,December4,1947.

.
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APH!Z?DIXA -“I?~PREPARATION

Thegroduotion & inorgemio films havingocmmon physioal *-

aoteristioswasa impo-t faotorinfluencingthemama of
preparation.Unifmmttyinthioknessjgrainsize,smoothness,
Uleealiness$physioalStrengthjandtenaoiousneasofthevariuus
fillmwas\sou@t. ThetreatmentattheIndlvldualsteeldiskswas
developeduntilthefilmthatwasfomedwasuniformoverthe
entiresurPaoe.

ThefinishingandClellmingmeaure summxrlzedherets
desoribedindetailinreferenoe9. Eaohdiskwassub$xtedtoa
similartilling,g+ding,md lapping~oedure~whichwasfol-
lowedbya oleaning~edure essentiallyasfollows:

10Degrease inlow—arana tio cleaning naphtha

2.Abradewith3/0emerypaper

3.WashwithmixtureofSO-peroentbenzeneand5&peroent
aoetone

4.Sorubwithlevigatedslmmlna

5.Rinseinwater

6.Rinsein190-pxmfethylaloohol

7.Dryinolesn,wam air

The steeloouldthenmaintaina continuouswaterftlm$whiohon
reoessionproduoedinterferenceoolm, indioatlngfreedcxufrom
oontamlnatingoilsorgreases.Insti=as@ssible,thediskwas
keptinanatmosphered?olean,dryairam trem+ortation.
Afterthetreatment,thecoateddiskwasimmediatelyplaoedupon
thefrioticnapparatus,oovered,endalluwedtormainina Oleanj
dryatmoqjherefor30minutes.Afterthisdryingprooess,the
frictionoharaoteristlcsweredeteminedo

Theohemioaloaupositlmandcrystallineoharaoteristiosat
eaohfilmweredetezmdnedbyeleotron-dlffraotionpatternsrepro-
ducedasfigure2. Thesepatternswere~uoed withthediffrac-
tionadapterofthetypeEMB-4,RCAelectmonmiorosoope.Ihring
treatmentofthedisk,a smallspeoimenofthesamesteelma
plaoedontheinneredgeaPeaohdiskandsub~eotedtothesame
treatmentasthedisk.Afterthefilmwasf~a, the&lffraotion

.—— .—— ——. ——— ––-———
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specimen* placedh theholder,insa%edintothemnera,and
thepatternwasphchographed.Itwasassmedthatthechanical
cmnpositionUPthefilmonthesmallspecimen,asdetanlnedfmm
thediffractionpattern,remesentedthechemicaloanpositim&
thefilmonthedisk.

Fomation al?l?’e304Film

La~rataytreatment● -A fihnd thisCqlllldwasfomnedby
heatingsteelina restrictedcnygensupply.A smallrangeofte-
mperatures- airXU%Ssureswasallowed,andh thisoaeethesteel
washeatedto3750C ona 2000-wattheat=,whichwasmounted
insidea 15-inchmetalbell@? inwhichtheairWessurewas
1millimeterofmercury.Thevacuumfurnacewasequippedwith
thamcoupleleadsfortemperatureindication.After30minutes,
thefilmhasreacheda thiclumssthatproduceda blueinterference
colorindicatingthatthethicknesswasintheorderof1200A.
Thesteelwascooledtoroomtemperaturebycoolingthevacuum
furnacewhilemaintainingthesameorlowerairpressure.The
diskwastrmsportedi.na clean,dryatmosphere.

cmmerc~d treatment ● -Similarblack,tenaciousfilmswere
fomnedoncleansteelUs& bya caudiu-sulfurtreatment(rder-
ence14)andbya caustic-@assiumnitratetreatient(reference15).
Inthecaustic+nilfurtreatment,thedeandiskwas~ed ina
bathconsistingof50-percentsodiumhydroxideI!?aOH,49-percent
waterH20, and1 percentstilfmS (pti~a) for20minutes.
Thebathwasmaintainedbetweentanperaturesof121°and124°C and
constantagitationwas~plOwa. Thecoateddiskwasthenwashed
inboilingtapwaterandrinsedinboilingdistilledwater.It
wasthendriedtndry,cleanair.Thecaustic-potassimnnitrate
treatmentiswry simi-, thecmpositicnofthebathbeing1 ~
potassiumnitrate~ and2 pertsltaOH.Theimmrsionis
aitiaeaintotwosteps:thefirstisimnersionina bath,thetem-
peratureofwhiohismdntai.nedat141°C bytilutionwithwater,
the mod ste istoimmersethepartintothesecondbath,which3isheldat154 C. !I!helengthaPtimeforeachbathisnotcrtti-
Cd d a9p31113EUPOIIthe thickessatthefilma9s*a. Inthese
~s, thetimewasap~tely 20minutesforeachbath.
Thediskwasad tiboilingweAer- Mea h clean-.
Analysisofelectron-diffractionpatternsfrcmfilmsfcmmedby
bothmethodsrevealedtheWesenceof Fe304.

.



NMIAZT?No.1578 19

Fox?m%khm& a -F@& Film

Thisoxidefilm,whfohoontainsthe@?eatestmount@ o~gen
cdthefilmsinvestigated,wasp!qaredbyheatinga steeldiskto
3500C inolean,dryalratatmosphericpressure.Theplatewas
removedfrm theheatwhentheinterPerenoecolorspresentindi-
oatedthatthefilmthioknesswasabout1200A. Furtherheating
promutedspottinessandnonuniformity.

Fomationd FeC12Film

A chloridefilmwasfcmmedbyarposinga~, cleensteel
disktothehotvaporcoqposedofanazeotmpiosolutionof&&o.
Chlorioaoidendwater.Tnordertoformthisfilm,thewamndisk
= P~ed ~ ahot~ c-= (100°C),whichwasthenpart~
evaouated.Aninlettotheohaibmledtoa oontainerinwhich
theazeotroplosolutionofhydroohlorioaoidandwaterwasbotling.
Whenthevalvewasopened,a vaporocmposedof20peroentwaterand
80percenthydrmhlorioaoid(theimposition& theliquid)could
envelopthedisk.A 2xute aqmsuewassufficienttoforma
thin,white,uniformcoating.ItwasfoundnecmssarytoInserta
baffleenda mndensatetrapintheohsmberto~eventthecon-
densatefromoolleotinganddrippingontotheplate.

FormationcfFeSFilm

A ferrous-sulfidefilmwasfomnedbyeqosinga heateddisk
tohydrogensulfideH# gas.First,theoleensteeldiskwas
plaoed in the vaouum furnaoeatroantanperatureandtheairpres-
surewasred.uoedto0.25millimet=ofmeroury.Hydrogensulfide
wasthenadmittedandthepressureagainreduoed.Thispxxxxs
wa8repeat~untilthechamberwasvirtuallypurgedcd?*. The
diskwasthenheataito350°C andanadditionalamuntd? H@
wasadmitted.Underthoserenditionsthefilmformalrapidlyend
thefurnaoewasa~a b owl whilethelowgmessurewas
mt~a.

~Fo?nu%tionofMoS2Film

Finelydividedmolybdenumdisulf%lewasmixesintoa smooth
pastewithanorganiobtnder(~id COZZlS~p) . ~s h~-
geneous matertal was painted. on a steeldisk,thetemperdureof
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whiohwas350°c● A thiok,heavyooatingwasfomedonthemetal.
Afterthed3.skmoledtheouter,looselyadhering~ was
sO=~a offwitha strdghtedge.Thisaotioneqosd a thin,
tenaoious~a~c~thfj,whichuponfurthersmoothingtwxmle~-
blaokandV= Sl&OOth.Thetextureafthematerialwass~lar to
thatofflm graphite.Thediskwasfinishedbylightabrasim
with3/0emerypa~r,followedbyawashingin190-proafethyl
almhol.ThecoatedUsk ma &ted intheusualmanner.

~ ordertoohmkthed’feetoftheoornsyrupalone,saneof
itwaspdntedonahotsteeldisk.Theresultwasabubbly,
ormibly,olwawd,nonadh~entma8sthathadverylittle&feoton
frictionOompareato Hz ●

N Formationof&aphZteI’llm

Graphitewasdeposited uponthesurfaoeofthesteeldiskby
Impressingfl~ gra@iteintoa @m, whiohwas~easedagainst
therotatingdisk.Miorosoopio exwnindbn revealedgraphitefill-
ingmostofthereoessesinthesurfaoe~ile andeleotdmn-
Mffraotlonexaminationrevealeda hi#lym’ientedfilm(fig.2(b)).
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Rider-holder-suspension
detal I

Radial travel of rider and
restraining assembly

➤ Friction —

“-”-”‘mforce

A -r %tatlng disk

—

z
o.

L Rider-assembly
motor

0:\ \ Rider holder

Rider (ball]

Friction
Indicator

Figure 1. - Schematic diagram of sliding-friction apparatus.
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~, InterplanardistanceinAngstromunits(A);I/Ia,A.S.T.M.X-ray
standardpatternintensityratio;VS,verystrong;E,$trorig:fs,fairly
strong;fw,fairlyweak;w,weak;VW,veryweak]

FilmpreparedA.S.T.?&.standard
asFe304 X-raypatternfor

Fe304

Relatlve.
(:) intensity(t) 1/10

4.95 fw 4.85 0.06
4.63 ---- ----
3.05 f: 2.97 .28
2.58 Vs 2.53 1.00
2.45 w 2.42 .11
2.14 s 2.10 .32
1.965 ---- ---
1.734 f; 1.71 .16
1.6&l fs 1061
1.510 fs 1.483 :=
1.434 w ---- ----
1.341 1.326 .06
1.293 f: 1.279 .20
1●222 1.210 .05
1.139 f: 1.121 .10
1.104 fs 1.092 .32
1.066 Vw 1.049 .10

●980 .970 .16
●960 f: .966 .08
.892 .8@3 .10
.867 f: .859 .20---- -- .863 .08
.824 w .825 .02
..—
(a)Ferroso-ferricoxideFe304.

Filmprepared
asa-Fe203

Relatlve
(i) intenslt~

3.71 fs
2.71 s
2.52 Vs
2*21 s
2.10 w
1.840 s
1.690 s
1.630 w
1●597 w
1.478 s
1.450 s
----
1.310 -w
1.247 w
1.211 w
1.190 w---- .
1.138 w
1●103 w
1.055 Vw
.980 Vw

A.S.T.M.standard
X-raypatternfox
a-Fe203

(:) 1/10

3.68 0.18
2.69 1.00
2.51 .75
2.20 .18
---- —.
1.84 ..63
1.69 ●63
---- -...
1.60 .13
1.485
1.452 :Z
1.351 .03
10308 .18
1.259 .13
1.230 .03
1.190 .08
1.163 .05
1.140 .13
1.104 .10
1.056 .08
.962 .10

(b]Ferricoxidea-Fe203.
Figure2. - Electron-diffractionpatternsandanalysisdatafrom solid

filmsformedon SAE 1020steel.
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@, interplanardistanceinAngstromuntts(A);
1/1, A.S.T.k!.X-raystandardDatternintensity
2rato;vs,verystrong;8$strong;fs,fairly

stro_gg;fwjfairlyweak;w,weak;vwvery
wealFJ“

Filmpreparedby
caustl’c-sulphur
treatment

Relative
(i) intensity

---- --
2.99 w
2.55 Vs---- --
2.12 s I
1.830 s---- .-
1.620 fs
1.590 w
1,485 Vs---- --
1.277 w
1.216 w---- -.
1.092 fs
1.042 Vw---- --
---- --
---- --
.854 fw

A.S.T.M.standard
X-raypatternfor
Fe304

(t) 1/10

4.85
2.97
2.53
2.42
2.10
----
1.710
1.610
----
1.483
1.326
1.279
1.210
1.121
1.092
1.049

.970

.966
● 880
.859

0.06
.28

1.00

:Z
----

.16

.64
----

.80

.06

.20

.05

.10

.32

.10
●16
.08
.10
.20

(o) Caustic-sulphurtreat- (d)
mentFe304.

ilmpreparedby
austic-potassium
itratetreatment

Relative
(:) Intensity

---- --
2.97 fs
2.54 Vs
---- .-
2.07 s
---- --
----
1.610 fs
---- .-
1.469 Vs
1;292 w

1.160 Vw

1.074 w
.965 Vw

---- --
---- --
---- --

Caustic-potassium
nitratetreatment
Fe304.

Figure2. – Continued. Electron-diffraction patterns and analysis data
from solid films formed on SAE 1020 steel.

-——-—— -—— .-. —.



..

— .———. —. -— —~——



NACATN No. 1578 29

units (A); 1/1-.A.S.T.M.X-ray~, lnterplanardistanceinAngstrom
standardpattern l.ntensltyratio; vs, very strong-;Z; strong;fs, filrly
strong;fw, fairly weak; w, weak; vw, very weaq

Filmprepared A.S.T.M.standard
asFeC12 X-raypattern

rOp FeC~

Relative
(i) intensity(i) l/I.

5.70 w 5.80 0.63
4.40 Vw ---- ----
2.93 Vs 3.06 .30
2.64 2.54 1.00
2.3S :: 2.32 .07
2.11 s 2.09 .07
---- -- 1.950 .13
1.82 s 1,796 .63
1.70 s 1.718 .13
1.61 w 1.630 .02
---- -- 1.550 .04
1.38 w 1.464 .20
---- -- 1.410 .05

F
Relative

(i) lntensi~

4.73 Vw
2.98 fw
---- --
2.67 s
2.46 Vs
2.21 fs
2.06
1..86 ::
1.725 Vs
1.615 fw
1.55 --
1.443 w
1.3n
1.310 f:
---- --
1.183 VW
1.099 fs
1.080 fs
1.040 Vw
---- --
.968 Vw
.949 w
.867 w
.817 w

A.S.T.M.standard
X-raypattern
forFeS

(h 1/10

---
2.97
2.88
2.65
----
----
2.06
----
l.n
1.61
1.48
1.442
----
1.321
1.290
1.179
1.105
----
1.050
.995
—-.
----
----
----

---
0.33

.04

.33
----
----
1.00
----

.33

.07

.04

.09
----

.13

.05

.01

.13
---

.07

.01
----
----
----
---

(f) Ferrous sulfldeFeS.(e) FerrouschlorideFeC12.

Figure2. - Continued.Electron-dlf’fractionpatternsandanalysisdate
fromsolid films formed on SAE 1020 steel.
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,

31

@, titerplanardistanoein
Angstrom units (A); 1/1 , A.S.T.M.
X-raystandardpattern?ntenslty
ratio;vs,verystrong;s, strong;
rs.falrl~strong;fw,fairlyweak;
w,”weak;w, ver~we&l. -

Filmprepared
asNo92

Relatlve
(:) intenslts
---- --
---- --
2.78
2.58 f;
2.46 fs
2.28 Vs
---- --
1.854
1.639 f:
1.570 fs
1.520 fs
---- --
1.370 fs
---- b-
1.300
1.252 f;
1.206 w

10090 w
1.030 w
---- --
1.002
.993 ::
---- --

A.S.T.M.standarc
X-ray pattern
forMoS2

(:) 1/10

6.61
5.63
2.74
2.66
2.49

1.635
1.578
1.530
1.475
1.365
1.335
1.295
1.251
1.222
1.195
1.100
1.034
1.021
1.002
----
.968

0.80
.90
.70
.30
.%
1.00
.70

1.00
.30
.70

:E
.20
.70
.70
.70
.20

%

:%
.70
----
.30

Thepatternfromortented
graphiteIscomposedoftrue
Braggspots,whichrepresent
a aerlesof ordersof the
(002)spacingalonga line
perpendicularto shadowedge -
of.specimen.

(g) Molybdenum dlsulffdeM092. (h) GraphltlucarbonC.
Figure 2. - Concluded. Electron-diffraction patterns and analysis data

from solid films formed on SAE 1020 steel.
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.60

●6O

●4O

.30

.20

.10

0 64)0 1600 84ca 3200 4000 4600 5600 64OO 72OO

Slldfng velocity, ft/min

(a) Ferroao-ferrio oxide Fe304 flh showing that frlotlon
1s not Independent of load.

figure 3. - Effect of slldlng veloclty on frlctlon for surfaces with solld films of oxides.

d
w



I
I
I

I

1(M fmmomoao~ 7~~$ool~

Load, Pains

(b) Ferroso-ferrio oxide Fe o~ film atxmhg trmds & tiioticm with
7increasing loada oroas-plotted frm fig. 3(a)).

Figure 3. - Continued. Effect of sliding veloclty on friction for surfaces with
of oxides.

E
solid films ●

G
4
m

—



.70

.60

●lo

t

0 m 1600 24U0 S200 4000 4alM mm 6402 ‘moo S030

Sliding velooity, ft~in

(o) Ferrlo oxide @Fe203 film sbwing that frlotion is essentially
independent of losd.

Figure 3. - Continued. Effect of slldlng veloclty on friction for surfaces with solid films

of oxides.
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.10

I I I I I I I I I I~-------,err,oo,%oea-,%Ferrooo-femio oxide Fe304

\ —.— Dry steel (from referenoe 9 at
\

\. loads Of !269, 519, and 1017 @me)

\ -.
‘\

“\
\

\ ‘\.

+ .
* - -- ---

+..\
~.

\ \ ‘.
\

i -.. .-~
- ~

\

\
- _

0 me 16U0 M0032004fUM34 fM061S03 64C07k?CQ8C00

Sliding velocity, ftjmln

(d) Ferroso-ferrl.-oxide FeS04 andferrlo-oxide a-F~03 films with
loads of 269 W..

Figure 3. - Concluded. Effect of elldlng velocity cm friction for surfaces with ealld films

of oxides.
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(a) Wear spot on spherical rider; (b]
kinetic friction #k, 0.30;

wear-spot diameter, 0.034 inch.
IMatlng surface shown In fig. 4[b).1

Wear track on disk specimen with
ferroso-ferric-oxide Fe#4 film.

IMatlng surface shown In fig. 4(a).)

Figure 4. - Photomicrographs of wear areas after operation for 6 seconds at 2000 feet per
minute with 259 grams load on SAE 1020 steel having oxide films. xII13.
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[c) Wear opot on spherical rider;
kinetic friction fi, 0.43;

wear-spot diameter, 0.040 Inch.

(Mating surface shown In fig. 4( d).)

Figure 4. - Concluded. Photomicrographs of wear
minute with 269 grams load on SAE

(d) Wear track on disk specimen with
ferric-oxide a-Fe#3 film.

(Mating surface shown in fig. 4[c).i

areas after operation for 6 seconds at 2000 feet per
1020 steei having oxide fiima. xiOO.
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.70
Surfaoe treatment to obtain Fe304

O Caustic potassium nitrate

\ ❑ Caustic sulphur
.60 Comeroially de~sited Fe304

Q \ -------~ steel (from referenoe9 at loads of
--,.- ------ $269,519, and 1017 &~S).

\ —-— ExperimentallydepositedFe304 (fig.3(a)/.60

\ ‘\\

\
“\

o \

●40 ❑ 1 \
-..

\
\

1. 7 m K
\ x, J

● .30
\

\ \
- A. I L_ w ‘

‘-
o ‘ .& /\, \ _ -- -_

c>
.20 %

~..
\

-..
1

.10

T
0 800 1600 2400 3200 4000 4800 5600 6400 7200 8000

Slidingvelooity,ft/mln

figure 5. - Effect of sliding veloclty on friction for surfaces with solid films of ferroso-
ferrlc oxide Fe304 formed by commercial (caustic soda) treatments. Load, 269 grams.
Friction essentially independent of load.
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(a) Wear spot on spherical rider;

klnetlc friction ~, o. 35;

wear-spot diameter, 0.033 inch.
[h!ating surface shown in fig. 6( b).)

(b) Wear track on disk specimen treated

in caustic-sulphur solution to form

film of ferroso-ferric oxide Fe304.

(~tlng surface shown In fig, 6(a).}

Wgure 6. - Phot~lcrographs of wear areas after operation for 6 seconds at 2000 feet perm]n-
ute with 269 grams load on SAE 1020 steel disks having fl Ims that are predominately ferros~

ferric oxide Fe304
formed by ccinmerclal treatm~ts.

Xloo.



.

— . —.—— .



{c) Wear spot on spherical rider;
kinetic friction W, 0.41;

wear-spot diameter, 0.030 inch.
(Mating surface shown in fig. 6( d).)

(d)

Figure 6. - Concluded. Photmnicrographs of wear areas after

Wear track on disk specimen treate,
In caustic potassium” nitrate solutlon

to form film of ferroso-ferric oxide

Fe304. (Mating surface show in.

fig. 6( c).)

operation for 6 seconds at 2000 feet Dar
minute with 269 gnms load on SAE 1020 steel disks having films that are predominately ferros~ferric

r_.

oxide Fe304 formed by cmmnercial treatments. Xloo.
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800 1600 2400 3200 4000 4800 S600 6400 7200 8000
Sliding velocity, ft/min

(a) Ferrous-cMoride Fe01.2fil.mshowtigeffeotof various loads on f’rfct ion.

Figure 7. - Effect of slldlng velocity on frlctlon for surfaces with solld films of compounds of

type produced by extreme-pressure lubricant additives.
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(b) Ferrous-sulfideFeS f11.mshcwbg that ooef’fioient
of friotion is essentiallyindependentof load.

Figure 7. - Continued. Effect of sliding velocity on frlctlon for surfaces with solid films of com-

pounds of type produced by extrem+pressure lubricant addltlves.
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800

Ferrous ohlorideFeC12
— ~ ‘——— Ferrous sulfide Fes

\ —- — Dry steel (fromreferenoe 9 at
loads of 269, 519, and 1017 grams)\ \

-v
\ . \

-. \

-
\ \.

\ \
\ .

\
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‘x.

1600 24(XI 3200 4000 4800 5600 6400 7200 8000

Sliding velooity,ft/mln

(O)Ferrous-chlorideFeC12 snd ferrous-sulfIda FeS fIlms with loads

Of 269 gramse
- Concluded. Effect of sliding velocity on friction for surfaces with solid films of com-

pounds of type produced by extreme-pressure lubricant additives.
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Figure 8. - Photomicrograph of wear spot on spherical rider after oper-
ation for 6 seconds at 2000 feet per minute with 269 grams load on
SAE J020 steel disk having solid film of ferrous sulfide FeS. Kinetic
friction, 0.44; wear-spot diameter, O.043 inch. Xloo.
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Figure 9, - Effect

1600 2400 3200 4000 4600 5600 6400 7200 80CXI

Slldtig veloaity, ft/min

Mol.yMenum-MeuEi6e ~ film ahowlngeffeotof variouslade
on friotion. At high W (519 ad 1017 grema) essentially IM
effeot of lead on frlotlon was ob~rved.

of slldlng velocity on friction for surfaces with solld films of molybdenum

dlaulflde MoS2 and oriented graphite C.
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FJgure 9. - Continued. Effect of sliding velocity on frlctlon
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. Molybdenum di.aul,fldeMoS2

~ - – ------ orientedgraphiteC
\ —-— Dry steel (fromreferenoe9 at
\ loads of 269, 519, and 1017 grams)

—--— Boundarylubricatedsteel (from
\ referenoe9 at loads of 269, 519,
\ and 1017 grams)

\
\
\

●,
\ %

.- --------- --- --
-- --------- ---

—. ,-------.-— --

- ~
— -., .

— — — — _
--

Soo 1600 2400 S200 4000 ~ ~ ~o 7200 Sooo
Slidingvelocity,ft/mti

(o) Molybdenum-disulf’ideMoS2 and oriented-graphiteC films with loads
Of 269 gramse

Figure 9. - Concluded. Effect of slldlng veloclty cm friction for surfaces with solid films of
molybdenum dlsulflde MS2 and oriented graphite c.
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la] Wear spot on spherical rider;
kinetic frlctlon fi, 0.11;

wear-spot diameter, 0.020 inch.

lMatlng sutiace showm in fig. 10[ b).)

(b) Wear track on disk specimen with

mlybdenum-dlsul fide l#oS2 film.

[Mating surface shown in fig. lQ(a).)

Figure 10. - Photoinlcrographs of wear areas after operation for 6 seconds at 2000 feet per minute
with 269 grams load on SAE IOXI steel disks having dry lubricating fi Ims.
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Ic] wear spo~ on spnerlcal rluer;
kinetic friction ~, 0.17;

wear-spot diameter, 0.031 Inch.

[Mating surface shown In fig. 101 d).)

Figure 10. - Concluded. Photomlcrographs of

per minute with 269 grams load on SAE 1020

(d) Wear track on disk specimen with
graphite film. [Mating surface

shown in fig. IO(C).)

wear areas after operation for 6 seconds at 2000 feet

steel disks having-dry lubricating fi Ims. Xloo.
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(a)

~ —. ‘&”- C.261OO[
—.. .—. ~-=” 47 1

Entire disk showingareas of test runs to determine wear
(innennost circumferential trace) and frlctlon (between
Innermost and outermost circumferential traces).

figure Il. - Photographs of steel disk covered with molybdenum-disu lfide
h10S2 film after friction and wear experlmen~s.
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~ear=l\P =i~colrun’”’’’’”” ”””’ -

tb) Close-up of wear and friction runs showing
that, for continuous friction run, the rider T
has penetrated to steel base in some locations. c-alol
x2. 3 11-26-47

Figure II. - Continued. photographs of steel disk covered with
molybdenum-disu Ifide MQS2 film after friction and wear experiments.
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T ? + ‘=s9=”
11-26.47 INCH

G mlo2
11-26-47

[c) Close-up of continuous and friction runs showing that, for friction runs, the
rider has not penetrated film material at any location despite high Inltlal

surface stresses of 108,000 to 225,(KN pounds per square Inch. x4.3

Figure II. - Cancluded. Photographs of steel disk covered with rmlybdenwr+dls ulflde k+JS2 film after
friction and wear experiments.
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